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Abstract The relationships between fish assemblages,
their associated habitat, and degree of protection from
fishing were evaluated over a broad spatial scale
throughout the main Hawaiian islands. Most fish
assemblage characteristics showed positive responses to
protection whether it was physical (e.g. habitat
complexity), biological (e.g. coral cover growth forms),
or human-induced (e.g. marine reserves). Fish biomass
was lowest in areas of direct wave exposure and highest
in areas partially sheltered from swells. Higher values for
fish species richness, number of individuals, biomass,
and diversity were observed in locations with higher
substrate complexity. Areas completely protected from
fishing had distinct fish assemblages with higher stand-
ing stock and diversity than areas where fishing was
permitted or areas that were partially protected from
fishing. Locations influenced by customary stewardship
harbored fish biomass that was equal to or greater than
that of no-take protected areas. Marine protected areas
in the main Hawaiian islands with high habitat
complexity, moderate wave disturbance, a high per-
centage of branching and/or lobate coral coupled with
legal protection from fishing pressure had higher values
for most fish assemblage characteristics.
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Introduction

Diversity, quality, and areal extent of habitat are among
the most important environmental determinants of
coral reef fish distribution, abundance, and diversity
(Bellwood and Hughes 2001). The association of coral
reef fish diversity and physical habitat has been dem-
onstrated by a number of authors (Luckhurst and
Luckhurst 1978; Carpenter et al. 1981; Roberts and
Ormond 1987; Grigg 1994; Friedlander and Parrish
1998a). In Hawaii, habitats with low spatial relief and
limited shelter were found to be associated with low
biomass of reef fishes, while highly complex habitats
harbored high fish biomass (Friedlander and Parrish
1998a).

Physical disturbance from waves is the primary
natural mechanism controlling coral reef community
structure in Hawaii (Dollar 1982; Grigg 1983). Surf
height and degree of wave exposure have been shown to
have a negative relationship with several measures of fish
assemblage organization in Hawaii (Friedlander and
Parrish 1998b). This relationship suggests that habitats
protected from highest wave energies maintain larger
fish populations with greater richness and diversity of
species.

Coral reefs have always been an important component
of human existence in Hawaii. These reefs once provided
the majority of the protein for the Hawaiian people, and
today consumptive uses of reef resources include subsis-
tence, commercial, and recreational activities. Coastal
fisheries are facing overexploitation and severe depletion
on a global scale (Food and Agriculture Organization
1998; National Research Council 1999) and Hawaii is no
exception. This decline in fish abundance and size,
particularly around the more populated areas of the
state, is likely the cumulative result of years of chronic
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overfishing (Shomura 1987; Gulko et al. 2000; Fried-
lander and DeMartini 2002). Fishing pressure on near-
shore resources in heavily populated areas of the main
Hawaiian islands (MHI) appears to exceed the capacity
of these resources to renew themselves (Smith 1993).

In the United States, one-half of fish stocks for which
information is available are overfished or approaching
overfishing (National Marine Fisheries Service 2001).
Worldwide the situation is even worse, with 69% of fish
stocks estimated to be fished to or beyond their maxi-
mum capacity (Food and Agriculture Organization
1998). Current fisheries management strategies
throughout the world are primarily directed at restric-
tions or controls of fishing by focusing on bag limits, size
restrictions, limited entry, or seasonal closures for
particular species or small groups of species. These
strategies do not address the habitats required by these
species and therefore may not be appropriate for the
long-term sustainability of these resources. Identification
and protection of high-quality fisheries habitat is
an important consideration for sustaining fisheries
production and in the conservation of these resources
for non-consumptive purposes (Schmitten 1996).

The poor performance of conventional fisheries
management worldwide has led to increased interest in
marine reserves as a solution to the problems of over-
fishing (Dugan and Davis 1993; Rowley 1994; Bohnsack
1996, 1998; Murray et al. 1999). Successful enhancement
of localized fish stocks by establishing closed areas and
marine reserves is well documented (Alcala and Russ
1990; Russ 1991; Roberts and Polunin 1991; 1993,
Roberts 1995; Russ and Alcala 1996a, 1996b; Halpern
2003). Marine reserves create a protected population,
which in theory can provide greater stability in the
dynamics of the exploited population and can be
incorporated into a management system as a buffer
against uncertainty (Sladek Nowlis and Roberts 1999;
Sladek Nowlis 2000; Sladek Nowlis and Friedlander
2003). Marine reserves are an effective management
strategy that can help protect and maintain the com-
plexity and quality of fish habitat as well as mitigate the
direct effects of fishing (Bohnsack 1996; Bohnsack and
Ault 1996; Auster and Shackell 1997; Yoklavich, 1998).
By protecting habitats and their associated fish popula-
tions, reserves can provide a precautionary approach to
management that reduces the risks against overexploi-
tation of fish stocks (Murray et al. 1999).

Despite their gaining popularity and historical use,
there is still disagreement about how to effectively
design marine reserves and the larger marine protected
areas (MPAs). Successful implementation of marine
reserves requires knowledge of the location, distribu-
tion, and extent of habitats necessary for components
of the ecosystem to perform basic life-cycle functions
(Dugan and Davis 1993; Friedlander and Parrish
1998a; Murray et al. 1999). If reserves are to maintain
system integrity and structure, all components neces-
sary to ensure system function must be included within
the reserve design, either by networking smaller areas

or by creating large all-encompassing areas (Appeldo-
orn et al. 1997, 2003). To be effective, it is generally
accepted that MPA networks should be distributed
along environmental gradients and should protect
representative species and habitat types (Ballantine
1997; Murray et al. 1999), although rare and vulnerable
habitat types should be represented more fully (Sladek
Nowlis and Friedlander 2003). Because coral reef eco-
systems will only function properly when a mosaic of
habitat types is connected biologically (Ogden 1988;
Ogden 1997; Appeldoorn et al. 2003), MPA networks
should strive to include a range of habitat types in an
interconnected manner.

Closing areas to fishing is far from a new idea in the
management of marine resources. Pacific islanders
traditionally used a variety of marine resource man-
agement practices, including fishery closures (Johannes
1978, 1981, 1997; Ruddle 1996). These closures were
often imposed to ensure large catches for special events
or as a cache for when resources on the regular fishing
grounds ran low. The traditional system in Hawaii
emphasized social and cultural controls on fishing with a
code of conduct that was strictly enforced (Friedlander
et al. 2002). Marine resource management was based on
identification of the specific times and places where
fishing could occur so it would not disrupt basic pro-
cesses and habitats of important food resources, rather
than on quotas or gear restrictions.

There are a variety of marine areas in Hawaii that
have some type of protected status (Gulko et al. 2000).
Historical sampling of fish assemblages from a select
group of marine reserves in Hawaii suggests that no-take
MPAs with good habitat diversity and complexity can
have a positive effect on fish standing stock, whereas
other areas with limited protection or poor habitat
quality result in relatively depauperate fish assemblages
(Friedlander 2001). Despite their proven effectiveness,
less than 1/5 of 1% (0.2%) of all coral reef habitats
around the main Hawaiian islands have complete
no-take MPA status (Gulko et al. 2000).

To date, no study has undertaken an extensive survey
of the shallow-water reef fish assemblages across the
entire main Hawaiian islands archipelago in reference to
habitat parameters and levels of protection from fishing.
Management units are typically on the scale of an island
or the entire state, and resource evaluation should
therefore be conducted on a similar scale. This study
evaluates the relationship between fish assemblages,
their associated habitat, and degree of protection from
fishing on a scale consistent with the patterns of both the
resources and their users. The purpose is to determine
the relative importance of particular reef characteristics
in explaining fish assemblage parameters over a large
spatial scale (100 km) and to permit prediction of
fish populations from practical measurements of reef
characteristics. Owing to the wide range of protection
and habitat quality of MPAs in Hawalii, it is critical that
the efficacy of various protected areas be compared and
evaluated.



Methods

Study sites

The study sites originated from the Hawaii Coral Reef Assessment
and Monitoring Program (CRAMP). This program was initiated in
1998 in order to better understand the ecology of Hawaiian coral
reefs at a spatial and temporal scale consistent with the manage-
ment of these resources. The experimental design involved the
selection and installation of 30 permanent sites at two depth strata
(60 locations total) on Kauai, Oahu, Maui, Molokai, Kahoolawe,
and Hawaii. The overall network provides a cross section of reefs
across the main Hawaiian islands with regard to habitat type,
direction of wave exposure, perceived environmental stress, and
degree of protection from fishing (Fig. 1).

The 60 locations surveyed were categorized according to the
direction of wave exposure based on wave models derived from
the US Naval Oceanographic Office and long-term observations
by the authors. Categories included: locations exposed to north
swells (N), north-facing locations sheltered from swell (NS),
locations exposed to south swells (S), south-facing locations
sheltered from swell (SS), and locations within Kaneohe Bay, an
embayment sheltered from all swells (SH).

Of the 60 locations surveyed, 18 had some level of protection
from fishing associated with them. Hanauma Bay (n=2), Honolua
Bay (n=2), and Molokini Crater (n=2) are all no-take Marine Life
Conservation Districts (MLCDs) that prohibit all fishing activities
from occurring within their boundaries. Moku o Loe (Coconut
Island-Hawaii Marine Laboratory Refuge) is fully protected from
fishing, although limited take for scientific purposes is permitted
(n=2). Locations within the Kahoolawe Island Reserve (Hakioa-
wa; n=2) were considered partially protected with customary
stewardship due to the limited take permitted for cultural, spiritual,
and subsistence purposes authorized by the Kahoolawe Island
Reserve Commission. Ahihi-Kinau Natural Area Reserve
(Kanahena Bay and Kanahena Point) was also considered partially
protected with customary stewardship due to the extremely limited
take by a single family for cultural purposes (n=4). Nenue
Point (n=2) on the island of Hawaii is designated as a Fishery
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Replenishment Area (FRA) which prohibits the collection of
aquarium fish but permits all other types of fishing activities.
Pupukea, on the north shore of Oahu (n=2), is also classified as an
MLCD, yet a wide variety of fishing methods are permitted within
the district boundaries. These activities include hook-and-line
fishing, spearfishing without SCUBA, collection of seaweeds, and
gillnetting in a portion of the MLCD. For the reasons stated above,
the Pupukea MLCD and the Nenue Point FRA were only
considered to have partial protection from fishing in this analysis.

Locations were categorized according to their level of protec-
tion from fishing based on current state regulations. These included
no-take areas completely protected from fishing (NT), partially
protected areas that allow certain fishing activities to occur (PP),
partially protected areas where customary stewardship is in effect
(CS), and areas fully open to fishing (O).

Benthic survey techniques

Benthic habitat characteristics at each location were assessed along
ten randomly assigned permanent transects at two depths (gener-
ally 3 and 10 m) along a 2x100-m grid. Each transect was 10 m in
length. Digital video was used to record images along each benthic
transect at a height of 0.5 m above the substrate. Twenty randomly
selected, non-overlapping video frames were selected and processed
using PointCount99 software (Dustan et al. 1999) to develop
estimates for coral and substrate types.

To examine the role that coral morphology played in structuring
fish assemblages, we grouped percent live coral cover of various
species for each site into three growth form categories:
plate/encrusting, branching, and lobate. Plate/encrusting growth
forms included Cyphastrea ocellinus, Leptastrea purpurea, Monti-
pora capitata, M. flabellata, M. patula, M. studeri, Pavona varians,
Porites rus, and Psammocora nierstrazi. Branching species included
Pocillopora damicornis, P. ligulata, P. edouyxi, P. meandrina, and
Porites compressa. The lobate growth forms included Pavona
duerdeni, Porites brighami, P. evermanni, and P. lobata.

To measure reef rugosity or surface relief, a chain of small links
(1.3 cm per link) was draped along the full length of the centerline
of each transect (Risk 1972). Care was taken to ensure that the
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chain followed the contour of all natural fixed surfaces directly
below the transect centerline. A ratio of distance along the reef
surface contour to linear horizontal distance gave an index of
spatial relief or rugosity. The ten randomly selected transects within
a grid were all measured in this manner to produce an average
rugosity for the transect location.

Fish sampling methodology

Fish assemblages at each location were assessed using standard
underwater visual belt transect survey methods (Brock 1954; Brock
1982). A SCUBA diver swam each 25x5-m transect at a constant
speed and identified to the lowest possible taxon all fishes visible
within 2.5 m to either side of the centerline (125-m? transect area).
Swimming duration varied from10-15 min depending on habitat
complexity and fish abundance. Nomenclature followed Randall
(1996). Transects were located along the centerline of the previ-
ously established CRAMP benthic survey grids. Four transects,
separated by 5-m gaps, were conducted at each location. Total
length (TL) of fish was estimated to the nearest centimeter. Length
estimates of fishes from visual censuses were converted to weight
using the following length-weight conversion: W=aSL’ the
parameters a and b are constants for the allometric growth equa-
tion, where SL is standard length in millimeters and W is weight in
grams. Total length was converted to standard length (SL) by
multiplying standard length by total length fitting parameters ob-
tained from FishBase (www.fishbase.org). Length-weight fitting
parameters were available for 150 species commonly observed on
visual fish transects in Hawaii (Hawaii Cooperative Fishery Re-
search Unit, unpublished data). This was supplemented by using
information from other published and web-based sources. In the
cases where length-weight information did not exist for a given
species, the parameters from similar-bodied congeners were used.
All biomass estimates were converted to metric tons per hectare (t/
ha) to facilitate comparisons with other studies in Hawaii. Finally,
fish taxa were categorized into six trophic categories (herbivores,
mobile invertebrate feeders, sessile invertebrate feeders, piscivores,
zooplanktivores, and detritivores) according to various published
sources and FishBase (www.fishbase.org).

Accuracy assessment of visual census methods

To compare observer variability, two divers (A.M.F. and E.K.B.)
swam 12 parallel 25x5-m transects in a similar habitat separated by
10 m on the forereef at Hoai Bay, Kauai, in December 1999. There
were no significant differences in number of species (t=0.2006,
P=0.839), number of individuals (t=1.800, P=0.086), or biomass
(t=0.133, P=0.895) observed between the two divers, and all
subsequent visual census fish data were collected using only these
two observers.

Biomass estimates derived from underwater estimates of fish
lengths during the study were carefully calibrated to improve the
accuracy associated with these measurements. This was accom-
plished by comparing observer length estimates with those of
plastic-laminated fish models. Seventeen fish models ranging in
size from 5-30 cm and utilizing several different species with
varying morphologies were haphazardly attached to a weighted
line using snap swivels. On the first trial, each diver swam along a
transect line ca. 2.5 m from the parallel line with the attached fish
models and estimated the total length of each model. The divers
then returned along the fish model transect line and measured the
actual length of each model. On the second trial, six additional
fish were added and the locations of all existing models were
haphazardly changed. A third trial was conducted with all 23 fish
models again being haphazardly changed along the transect. For
both observers pooled, the mean difference in estimated vs. actual
length was greatest for the first trial (2.23 cm) and became pro-
gressively lower with each subsequent run (trial 2=0.89 cm; trial
3=0.71 cm). The mean difference in estimated vs. actual length
was not significantly different between trial 2 and 3 (P >0.05).

This experiment showed that with minimal training, divers could
learn to estimate fish lengths underwater. Both observers obtained
accuracy of less than 1 cm in estimating actual fish length after
only two trials.

Statistical analysis

Species diversity was calculated from the Shannon-Weaver Diver-
sity Index (Ludwig and Reynolds 1988): H =X (p; In p;), where p; is
the proportion of all individuals counted that were of species i. An
index of relative dominance (IRD) for each fish taxa was created by
multiplying the percent frequency of occurrence of the taxa on each
transect by the relative percent biomass of that taxa x 100
(Greenfield and Johnson 1990).

Coral species richness and reef rugosity among different wave
exposure regimes were analyzed using one-way ANOVA tests
(«=0.05) with unplanned comparisons conducted using Bonferroni
Multiple Comparison Procedures. Percentages of live coral cover
by morphological grouping were arcsin square-root transformed
for all analyses (Zar 1984).

Since fish transects within locations were spatially autocorre-
lated, mean values for all transects at each location were used in all
statistical analyses. Fish assemblage characteristics (species rich-
ness, number of individuals, biomass, and diversity) between
shallow and deep depth strata were compared using students’s
t-test. Fish assemblage characteristics among different wave expo-
sure regimes and level of protection from fishing were analyzed
using one-way ANOVAs. Number of individuals and biomass were
log.(x) transformed for all statistical analyses to normalize distri-
butions and homogenize variances to permit parametric testing.
Size of fishes under different levels of protection from fishing was
also compared using one-way ANOVAs.

Detrended correspondence analysis (DCA) was used to identify
clusters of similar locations in ordination space. A matrix of sample
units (60 locations) by fish species (mean number or mean weight
per location) was created for use in this analysis. Values were
log.(x) transformed with rare species downweighted. Those taxa
that occurred in less than 20% of the number of stations than the
most common taxon occurs were downweighted. The amount that
the species was downweighted was inversely related to its frequency
of occurrence. This type of ordination results in an arrangement of
samples of species in a low-dimensional space such that similar
samples are in close proximity to one another (Gauch 1982). Wave
exposure regime and level of protection from fishing were defined a
priori and then overlaid on the station clusters created by DCA.

Multiple regression models (general linear models, GLM) were
used to examine the contribution of various physical, biological,
and management parameters to fish assemblage structure. Con-
tinuous independent variables included percent live coral cover by
morphological type (plate/encrusting, branch, and lobate) and
rugosity. Rugosity was log.(x) transformed for these analyses.
Categorical independent variables included depth [shallow (1-5 m)
and deep (6-13 m)]; wave exposure (exposed, partially shel-
tered, and embayments); and level of protection from fishing.
No-take and customary tenure were classified as protected from
fishing for this analysis, while open access and partial protection
were classified as not protected. Dependent variables included
number of species, number of individuals, biomass, and species
diversity.

Results
Site characteristics

Percent live coral cover averaged 25.1% (SD= +21.2)
across all 60 sample sites (Table 1), with the deeper sites
(29.8%) having a higher percent cover than the shallow
sites (20.9%). Live coral cover ranged from a low of
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10

6.46

10.97
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Average for all sites

0.8% at Kamalo (10 m) to a high of 89.0% at Molokini
(13 m) (Table 1). Coral growth forms were dominated
by the plate/encrusting corals (11.0%) followed by
lobate (7.6%) and branching corals (6.1%). At deeper
sites (> 5 m) plate/encrusting forms averaged more than
twice the cover (15.8%) compared to the other two
predominant growth forms (lobate, 7.7%; branching,
5.6%). In contrast, the various growth forms were
relatively equivalent (lobate, 7.6%; plate/encrusting,
6.3%; and branching, 6.6%) at the shallower sites.

Coral species richness ranged from a low of two
species at Moku o Loe to a high of 12 species at
Honolua and Olowalu. Differences in coral species
richness were marginally significant among different
exposure regimes (F453=2.6, P=0.049). Sites subjected
to greater wave exposure regimes (north, north shel-
tered, and south) generally had higher average species
richness (7.2, 9.3, and 7.4, respectively) than more pro-
tected sites (south sheltered, 7.0; sheltered, 5.7).

Rugosity measurements ranged from a low of 1.12 at
Papaula Pt. (10 m) to a high of 2.46 at Kamiloloa
(10 m) (Table 1). Northern exposure sites had the lowest
rugosity (mean+SD=1.43+0.22), while sheltered sites
had the highest rugosity measurements (mean+SD =
1.86£0.43). Rugosity was significantly different among
different wave exposure regimes (F4 55=2.51, P=0.05),
with north-exposed locations significantly lower
(P <0.05) than all other exposures except south-exposed
locations.

Fish assemblage composition

Endemic species accounted for 35% of numerical
abundance and 22% of the total fish biomass observed
over all locations. The brown surgeonfish, Acanthurus
nigrofuscus, was the most dominant species over all
study sites based on IRD (Table 2). It occurred on over
81% of all transects and accounted for 6.3% of the total
fish biomass. This species was followed in importance by
the black triggerfish (Melichthys niger), which accounted
for over 13% of the total reef fish biomass but only
occurred on 36% of the transects. The endemic goldring
surgeonfish (Ctenochaetus strigosus), the endemic saddle
wrasse (Thalassoma duperrey), and the orangespine
surgeonfish (Naso lituratus) comprised the remaining
top five species based on IRD. The endemic saddle
wrasse was the most ubiquitous species observed during
the study, appearing on nearly all transects (99.6%).
Surgeonfishes accounted for six of the top ten species
and comprised over 38% of the total reef fish biomass
and 32% of the total number of individuals. Parrotfishes
were the next most important family based on biomass,
accounting for 16% of the total weight of fishes and
12% of the total number, followed by triggerfishes
which comprised a little over 16% of the total reef fish
biomass but only 3.6% of the total numerical abun-
dance. Damselfishes followed surgeonfishes in numerical
abundance with 23.0% of the total, but only accounted
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Table 2 Top 20 fish species overall at all 60 locations surveyed. Freq. Frequency of occurrence (total number of transects = 231). Number
and biomass are percentages of the total. Species are ordered by index of relative dominance (IRD) = (frequency of occurrence X percent

biomass) x 100

Family Taxon name Hawaiian name Common name Freq. Number Biomass IRD
Acanthuridae  Acanthurus nigrofuscus Maiii Brown surgeonfish 81.59 11.98 6.28 512.07
Balistidae Melichthys niger Humuhumu elele Black triggerfish 36.82 2.31 13.25 487.72
Acanthuridae  Ctenochaetus strigosus® Kole Goldring surgeonfish 62.76  7.35 6.52 408.95
Labridae Thalassoma duperrey® Hinalea lauwili Saddle wrasse 99.58 11.67 3.40 338.27
Acanthuridae  Naso lituratus Umaumalei Orangespine unicornfish 49.37 1.34 4.39 216.65
Scaridae Chlorurus sordidus Uhu Bullethead parrotfish 39.33 2.02 3.95 155.29
Acanthuridae  Acanthurus leucopareius ~ Maikoiko Whitebar surgeonfish 28.87 2.29 5.10 147.27
Scaridae Scarus rubroviolaceus Palukaluka Redlip parrotfish 23.01 0.31 4.42 101.68
Acanthuridae  Zebrasoma flavescens Lauipala Yellow Tang 3431 2.37 2.68 92.10
Acanthuridae  Acanthurus triostegus® Manini Convict tang 2427 3.31 3.66 88.87
Acanthuridae  Acanthurus olivaceus Naenae Orangeband surgeonfish 31.38 0.95 2.72 85.23
Scaridae Scarus psittacus Uhu Palenose parrotfish 39.75 245 1.71 67.86
Scaridae Chlorurus perspicillatus® ~ Uhu uliuli Spectacled parrotfish 1590 0.44 4.18 66.40
Pomacentridae  Abudefduf abdominalis® Mamo Sergeant Major 17.57 4.11 342 60.13
Pomacentridae Stegastes fasciolatus Pacific Gregory 69.46 3.10 0.76 52.83
Mullidae Parupeneus multifasciatus Moano Manybar goatfish 48.95 0.84 0.87 42.38
Serranidae Cephalopholis argus® Blue spot grouper 2343 0.26 1.75 40.99
Acanthuridae ~ Naso unicornis Kala Bluespine unicornfish 9.62 0.32 3.58 34.42
Balistidae Rhinecanthus rectangulus  Humuhumunukunukuapuaa Reef triggerfish 34.73 0.56 0.96 33.28
Pomacentridae Chromis vanderbilti Blackfin chromis 48.12 9.09 0.59 28.29

“Endemic species,

®Regarded as an endemic subspecies—Acanthurus triostegus sandvicensis,

“Introduced species

for 6.4% of the total biomass. Wrasses were the next
most important family, numerically comprising 17.6%
of the total but with a much lower contribution to the
total fish biomass (5.6%).

Herbivores were the most important feeding guild

Table 3 Comparison of fish assemblage variables by depth strata.
Shallow locations range from 1-5 m, deep locations range from
6-13 m. Values are mean number per transest (125 m?) except for
biomass which is reported in t/ha. Standard deviation of the mean
is in parentheses. Statistical results from student’s t-test

. A bl D Shall t P
and accounted for 65.8% of the biomass and 44.9% of Chs;farrclte?i%fic (nefgg) (niz%;v
the total number of individuals observed. The next most
important feeding guild were the mobile invertebrate Species 179 (5.5 189  (56) 067 0.50
feeders, constituting 12.3% of the biomass and 22.6% of g{umbef (t/ha) (1)0554 803)5) (1)4996 2(9)78 )1) %?g 82;
: 10mass a . . . . . .
the numerical abundance of reef fish observed on tran- Diversity 2 04 21 ©03) 061 054

sects. Planktivores comprised 7.4% of the biomass and
19.6% of the total number of individuals. Approxi-
mately 7% of the biomass and numerical abundance
consisted of detritivores. This trophic category was
made up almost exclusively of the endemic goldring
surgeonfish. Piscivores were rare and accounted for only
4.7% of the biomass and 1.4% of the total number of
fishes.

Depth comparisons

There were no significant differences (P > 0.05) in all fish
assemblage characteristics (e.g., species richness, number
of individuals, biomass, and diversity) between shallow-
water locations (range 1-5 m) and deeper locations
(range 6-13 m) for 60 locations surveyed around Kauai,
Oahu, Maui, Kahoolawe, and Hawaii (Table 3). Despite
the lack of statistical differences in some major fish
assemblage characteristics, the number of species,
number of individuals, and biomass all tended to be

higher at the shallower locations, while diversity was
higher at the deeper locations.

The same top five species occurred in both the
shallow and deep locations, but their relative rank
varied among depth strata. The black triggerfish
(Melichthys niger) was the most dominant species by
weight at the shallow and deep sites, accounting for 15
and 11% of the fish biomass, respectively. It occurred
in 43% of the samples at the shallow locations but at
only 26% of the transects at the deeper locations. The
goldring surgeonfish was the most numerically abun-
dant species at the deep locations, accounting for 11%
of the total number of individuals, while it ranked
sixth and accounted for 5% of the abundance at the
shallow locations. The brown surgeonfish (Acanthurus
nigrofuscus) was numerically dominant at the shallow
locations, accounting for 14% of the number of indi-
viduals, while ranking fourth at the deep locations,
representing 9% of the total numerical abundance.
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Comparison of wave exposure among locations

Detrended correspondence analysis (DCA) of fish cen-
sus data for number of individuals and biomass identi-
fied groupings that corresponded to the different wave
regimes defined a priori (Fig. 2). The DCA first axis
shows a gradual shift in fish assemblage structure along
an environmental gradient from the sheltered locations
within Kaneohe Bay to the locations that received the
greatest degree of wave exposure. There was clear sep-
aration in fish assemblage structure between Kaneohe
Bay, sheltered from all swells, and all other types of
exposures based on both the numbers and weight of
species. There was also good concordance among
locations within Kaneohe Bay. Although there was a
good deal of overlap in assemblage structure among all
other locations, south-sheltered and north-sheltered
locations had higher concordance than north- and
south-exposed locations. South- and north-sheltered
locations tended to have fish assemblage structure that
was more similar to the sheltered embayment of Kane-
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Fig. 2 Relationships among fish assemblages at 60 locations across
the main Hawaiian islands relative to their degree of wave
exposure. Results of detrended correspondence analysis with input
values log(e) transformed and rare species downweighted for A
number of individuals and B biomass. Polygons group locations
with the same wave exposure. N North exposed; S south exposed;
NS north sheltered; SS south sheltered; SH sheltered

ohe than to the more exposed locations. The deep and
shallow Kamiloloa sites on the south shore of Molokai
were classified as south-sheltered locations based on
their wave exposure, but had fish assemblages more
similar in ordination space to south- and north-exposed
locations. The low coral cover and habitat heterogeneity
at this site appears more similar to sites with higher wave
exposure, which may help to explain the similarity of
these fish assemblages with more exposed locations.
North-exposed locations appeared to be more dissimilar
to the Kaneohe Bay sheltered locations compared with
south-exposed, south-sheltered, and north-sheltered
locations.

Fish assemblage characteristics differed significantly
among locations with different degrees of wave expo-
sure (Fig. 3). Species richness differed significantly
(F455=3.20; P=0.02) and was highest at the north-

sheltered locations. The south-sheltered locations,
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Statistical results of one-way ANOVA are shown. Exposures with
the same letter designation are not significantly different (Bonfer-
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south-exposed, north-exposed, and sheltered areas in
Kaneohe Bay had lower species richness, respectively,
but were not significantly different from one another
(P>0.05). The total number of individuals was not
significantly different among sites (F4 55 =2.29; P=0.07).
Kaneohe Bay (sheltered embayment locations) had the
greatest number of individuals observed on transects,
followed by the north-sheltered locations. The north-
exposed locations had the lowest number of individuals.
Total fish biomass was also significantly different
(F4,55=2.72; P=0.039) among locations based on wave
exposure, with the south-sheltered, north-sheltered, and
sheltered locations having the highest standing stocks of
fish present. Fish biomass was more than three times
higher at north-sheltered locations compared to the
north-exposed locations and nearly two times higher
than at the south-exposed locations. Despite these large
differences in standing stock, the only significant test
result was between the north-exposed locations and the
north-sheltered locations (P <0.05), due to the high
variance associated with these biomass values
(CV=90%). Species diversity was significantly different
among locations (F455=7.42; P<0.001). North- and
south-sheltered locations had the highest diversity but
were not significantly different from the south- and
north-exposure locations (P> 0.05). Sheltered locations
within Kaneohe Bay had significantly lower species
diversity compared with all other locations sampled
(P <0.05).

Comparison of marine protected areas

For both number of individuals and biomass, fish
assemblage structure in areas fully protected from
fishing (no-take areas) tended to be different from those
assemblages observed in areas where various levels of
fishing are permitted (Fig. 4). Fish assemblage structures
within partially protected areas with customary stew-
ardship had high concordance with fully protected areas.
Partially protected areas had concordance with both
fully protected sites and areas partially protected with
customary stewardship. Moko o Loe (Coconut Island,
The Hawaii Marine Laboratory Refuge) possessed a fish
assemblage structure similar to other non-protected
areas within Kaneohe Bay where fishing was permitted.

Due to the differences in fish assemblage structure and
assemblage characteristics between Kaneohe Bay and all
other locations, analyses comparing levels of protection
from fishing were conducted excluding all locations
within this sheltered embayment. Species richness, bio-
mass, and diversity were significantly different (P < 0.05)
among no-take areas, areas with customary stewardship,
partially protected areas, and locations with open access
(Fig. 5). Values for all assemblage characteristics were
higher in no-take areas and areas with customary stew-
ardship compared to partially protected and open access
areas. No-take areas had the highest values for species
richness, number of individuals, and diversity, followed
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Fig. 4 Relationships among fish assemblages at 60 locations across
the main Hawaiian islands relative to their protection from fishing.
Results of detrended correspondence analysis with input values
log(e) transformed and rare species downweighted for A number of
individuals and B biomass. Polygons group locations with the same
level of protection from fishing. N7 No-take; CS customary tenure;
PP partial protection; O open access

by customary stewardship, partially protected, and
finally open-access areas having the lowest values. Bio-
mass was highest in locations with customary steward-
ship followed by no-take areas. The biomass in these two
areas was more than 2.5 times greater than partially
protected and open access sites, yet this difference was
not significant from partially protected sites (P >0.05)
due to the low sample size at these locations (P =0.57).
Fish standing stock was lowest in the partially protected
areas but not significantly different from locations
without protection from fishing.

The size of all fishes within areas under various levels
of projection (excluding Kaneohe Bay) was significantly
different from one another (F3g949=1062.3, P<0.001).
No-take reserves (mean+SD=13.9+0.2 cm) and areas
under customary stewardship (mean+SD=13.3+
0.2 cm) were not significantly different from each other
(P>0.05) but were significantly greater (P <0.05) than
both partially protected (mean+SD =10.2+0.3 cm) and
open access sites (mean+SD =11.6£0.1 cm). The size of
fishes in areas open to fishing was significantly greater
than areas partially protected from fishing (P <0.05).
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Fish assemblage characteristics varied greatly among
no-take areas and areas under customary stewardship
(Fig. 6); however, no statistical analyses were conducted
on these data due to small sample sizes at most locations.
When data was pooled within a site, species richness was
highest at the no-take reserves at the Hanauma Bay site on
Oahu, and Honolua Bay on Maui. Species richness at the
no-take Moku o Loe (Coconut Island) site on Oahu was
1.8 times lower than the highest site, possibly reflecting the
limited habitat provided by patch reefs in Kaneohe Bay.
Biomass followed a similar trend, with Hanauma Bay
having the highest standing stock and Moku o Loe having
the lowest (1.5 times lower than Hanauma Bay), although
variability within sites was high. Diversity was also lowest
at Moku o Loe and highest at Honolua Bay and Molokini
Island off of Maui. Despite having the lowest standing
stock, diversity, and species richness of any marine reserve
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in the study, Moko o Loe had the highest number of
individuals observed among these sites. The fish assem-
blage structure at Moko o Loe was not common to the
other protected sites and was dominated by juvenile par-
rotfish and small-bodied fishes. These included endemic
species like Hawaiian sergeants (Abudefduf abdominalis),
Domino damselfishes (Dascyllus albisella), and saddle
wrasses (Thalassoma duperrey).

Relationships between fish assemblage structure and
environmental parameters and management regimes

Environmental parameters and management regimes
influenced the fish assemblage characteristics in different
ways (Table 4). General linear models were used to
assess the importance of various environmental
parameters and fisheries management regimes on fish
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Table 4 Influence of various

environmental variables and Parameter Species Number Biomass Diversity
management regimes on fish
assemblage characteristics in F P F P F P F P
the main Hawaiian islands. -
Results of multiple regression Physical
models (GLM). Overall model Depth 0.02 0.893 339 0.072 0.63 0.431 1.16 0.287
results appear in text Rugosity 7.70 0.007 4.62 0.036 492 0.031 4.11 0.048
Wave exposure 2.80 0.080 0.65 0.526 0.06 0.945 11.50 <0.001
Biotic
Coral cover—plate 2.31 0.135 0.71 0.402 142 0239 <0.01 0955
Coral cover—branching  2.03 0.161 6.14 0.017 271 0.106 1.30 0.260
Coral cover—lobate 5.48 0.023 542 0.024 3.09 0.085 1.02 0.319
Management regime
Protected status 11.70  0.001 240 0.128 7.02 0.011 7.58 0.008
assemblage characteristics. All locations, including _
Discussion

Kaneohe Bay, were used in developing these models.
Rugosity, live lobate coral cover, and areas protected
from fishing (no-take areas and areas under customary
tenure) were all significant parameters in explaining the
variability in species richness among locations
(Fs.51=06.73, P<0.001). Rugosity, live branching, and
lobate coral cover were significant parameters in
explaining the variability in the number of individuals
(Fg51=5.57, P <0.001). Rugosity and protected status
were the only parameters that were significant in
explaining the variability in biomass (Fgs5 =4.86,
P <0.001). Diversity was explained by rugosity, the de-
gree of wave exposure (exposed, sheltered, and embay-
ments), and protected status (Fg 5, =7.42, P <0.001).

Depth strata were not significant in explaining the
variability in any fish assemblage characteristics; how-
ever, numerical abundance was much higher in the
shallow depth strata (t=1.84, P=0.072). There was a
significant positive relationship with rugosity and species
richness (P=0.007), number of fish (P=0.036), biomass
(P=0.031), and diversity (P=0.048). Exposure only
explained a significant portion of the variability in
diversity (P <0.001).

Live coral cover morphology generally did not
explain significant portions of variation in the various
fish assemblage characteristics, with two notable excep-
tions. Branching corals significantly explained the vari-
ation in the number of individuals (P=0.017), while
lobate corals significantly explained the variation in
species richness (P=0.023) and number of individuals
(P=0.024). In both cases these were positive relation-
ships, with higher cover of branching coral associated
with higher values for number of individuals and higher
lobate coral cover related to greater species richness and
higher number of individuals.

Finally, locations with protected status explained the
finding of significant portions of variation in species
richness (P=0.001), biomass (P=0.01), and diversity
(P=0.008). For each of these characteristics, locations
protected from fishing (NT and CS) had higher
numbers of species, greater biomass, and higher diversity.
Numerical fish abundance did not vary significantly
(P>0.05) between protected and unprotected locations.

This study examined the relationship between fish
assemblages and their associated habitat on a scale
consistent with the patterns of both the resources and
their users. Direction of wave exposure, amount of
habitat complexity, and the level of protection from
fishing all proved to be important determinants of reef
fish assemblage structure and standing stock. Greater
numbers of fishes were observed in the shallow depth
strata, but high variability in the abundance of schools
of small juveniles in this strata masked statistical
differences due to low power.

The fish assemblage structure in the sheltered
embayment of Kaneohe Bay, Oahu, was distinct and
differed greatly from all other fish assemblages around
the state. Locations in Kaneohe Bay had the lowest
species richness and diversity compared to all other types
of exposure. Kaneohe Bay has been subjected to
anthropogenic stresses in the past from both point source
(Banner 1974; Smith et al. 1981; Hunter and Evans 1995)
and non-point source (Jokiel et al. 1993; Hunter and
Evans 1995) pollution. Small areal extent of live coral
cover and low habitat complexity, particularly at the
deeper locations in Kaneohe Bay (ca. 10 m), are a result
of these anthropogenic impacts as well as habitat degra-
dation associated with invasive algae. The poor quality of
these habitats may help to account for the low species
richness and diversity at locations within Kaneohe Bay.

Reef habitat complexity (rugosity) was important in
explaining the variability in all reef fish assemblage
characteristics in this study. Habitat complexity
provides refuges and barriers that fragment the area,
resulting in more heterogeneous assemblages (Sebens
1991). A number of authors have recognized the
importance of habitat complexity in structuring fish
assemblages (Luckhurst and Luckhurst 1978; Carpenter
et al. 1981; Roberts and Ormond 1987; Holbrook et al.
1990; Grigg 1994; Friedlander and Parrish 1998a) and
the results from this study clearly support these findings.

Species richness and diversity were highest in loca-
tions of moderate wave exposure. Fish biomass was
lowest in locations exposed to north and south swells,
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with locations protected from direct swell activity having
higher standing stock of reef fishes. Elsewhere in Hawaii,
surf height and degree of wave exposure have been
shown to be negatively correlated with several measures
of fish assemblage organization (Friedlander and Parrish
1998b). Fish populations may be depressed in these
locations due to the seasonal variability in environ-
mental conditions and the physiography of these reefs
that tend to be dominated by encrusting corals and have
lower habitat complexity compared to locations that
receive less direct wave impacts.

Despite differences in habitat, locations protected from
fishing formed distinct assemblages that had higher values
for assemblage characteristics than areas where all fishing
was permitted or partially restricted. Hanauma Bay on
Oahu and Honolua Bay on Maui, two no-take areas with
the highest levels of protection from fishing in the main
Hawaiian islands, had the highest values for most fish
assemblage characteristics. Both sites have either high
coral cover, high coral species richness, or high reef
complexity, suggesting that a combination of these
parameters contributed to good fish habitat quality for
reef fish in Hawaii. Moku o Loe had the lowest standing
stock of reef fishes observed within areas protected from
fishing, followed by Molokini Island. These locations are
typified by having small-scale habitat complexity that
harbors large numbers of small-bodied fish individuals
but lacking in the large-scale habitat complexity necessary
to support larger individuals.

A number of communities throughout Hawaii are
currently strengthening local influence and account-
ability for the health and long-term sustainability of
their marine resources through revitalization of local
traditions and resource knowledge. The state of Hawaii
has been encouraging community-based management of
subsistence fishing areas since 1994, and a number of
community-managed areas are now being established.
The Ahihi-Kinau location has only recently been part of
a harvesting effort involving customary and cultural
take. There is only one permit issued by the Natural
Areas Reserve Commission (to one family) that has only
recently begun to exercise the take of some resources
(mostly intertidal). It was the permittee’s intent to teach
the children the skills of the elders and not to fish for
subsistence, so the harvested amounts are small. Simi-
larly, Kahoolawe’s resources are open to just a few
people who are fishing for cultural and educational
purposes only and are regulated by the Kahoolawe
Island Reserve Commission. The remoteness of these
locations combined with the light fishing pressure
(on-island consumption only) and community oversight
has resulted in high standing stock of reef fishes com-
pared to other locations in Hawaii.

The Pupukea MLCD and the Nenue Point FRA with
limited protection from fishing had lower standing stock
than areas where fishing was not restricted. Virtually all
types of fishing are allowed in the Pupukea MLCD and
only ornamental fish collecting is restricted in the Nenue
Point FRA. The existing management regime at the

Pupukea MLCD does not appear to be enhancing fish
stocks at this reserve in comparison with other no-take
MPAs in the state (Friedlander 2001). The State of
Hawaii, Department of Land and Natural Resources,
Division of Aquatic Resources has just completed a
modification to the Pupukea MLCD that includes the
expansion of existing boundaries and the restriction of
most fishing activities within the reserve. The existing
data will help to serve as a baseline to determine if these
new regulations will enhance the fish assemblage within
the reserve over time.

At a few locations, high biomass occurred in habitats
with low rugosity that were protected from fishing (e.g.,
Honolua North and Kanahena Bay and Point shallow).
This may be a result of migration from adjacent areas
where fishing is permitted, but also suggests that pro-
tection from fishing may be as, if not more, important
than habitat quality in sustaining and enhancing fish
assemblages.

Locations characterized by high rugosity, moderate
wave exposure, high percentage of lobate coral cover,
and protection from fishing had higher levels of species
richness. Embayments, on the other hand, typically had
fewer numbers of species. Intuitively, increasing sub-
strate complexity is beneficial to species richness by
creating more niche space and thus a greater diversity of
microhabitats. Even lobate corals when large enough
appeared to create substantial refuge space under the
edges of the colonies.

Higher fish abundance appeared to be influenced by
higher rugosity, occurrence of embayments, and high
cover of branching coral. Protection from fishing,
however, did not make a difference in terms of number
of fish. It is interesting to note that shallow water closer
to the surge zone displayed higher numbers of fish
regardless of size. This could be a function of refuge
from predation due to the greater relief inshore or per-
haps algal food availability was higher since herbivores
were the dominant trophic group at these locations.

Only high rugosity and protection from fishing at a
site showed higher levels of biomass. Wave exposure did
not appear to play an important role in structuring size
of fish within a community; however, sites with more
refuge space and legal protection from fishing may mask
this factor. The number of fish did not vary significantly
among locations with or without legal protection, while
biomass was significantly different among these loca-
tions. Fishing pressure tends to target the larger, more
reproductively viable fish, with the resulting fish
assemblage dominated by smaller sizes even though
numbers of fish are equivalent (Jennings and Lock 1996;
Jennings et al. 2001). Because of this, total population
fecundity declines more quickly than numerical abun-
dance (Post et al. 2002).

McGehee (1994) found that water movement energy in
southwest Puerto Rico was the environmental parameter
that had the strongest relationship with fish species
distribution. McGehee did not, however, examine fish
biomass and only sampled within a small depth strata



(1-3 m). Chabanet et al. (1997) discovered that coral
variables for reefs at Reunion Island are most strongly
correlated with species richness and diversity of fish
assemblages. Friedlander and Parrish (1998a) in Hanalei
Bay, Kauai, Hawalii, also noted that most of the variation
in similar fish assemblage characteristics was explained by
measures of holes in the substratum, rugosity, and depth.
All of these studies, however, sampled over a small spatial
scale along the same stretch of coastline, so consequently
larger-scale inferences could not be made.

Clearly, protection, whether it is physical (e.g., rug-
osity), biological (e.g., coral cover growth forms), or
human-induced (e.g. marine reserve), enhances fish
assemblage characteristics in different ways. Ideally,
essential fish habitat in the main Hawaiian islands should
consist of an area with high rugosity or relief with
moderate wave exposure that has a high percentage of
branching and/or lobate coral coupled with legal pro-
tection from fish pressure. Habitats with these optimal
characteristics should possess fish assemblages with high
species richness, abundance, biomass, and diversity. New
techniques [e.g., light detection and ranging instruments
(LIDAR), hyperspectral imaging] that can rapidly
discriminate habitats with these characteristics will aid
scientists and managers alike in identifying areas that are
important to protect and manage for the sustainability of
nearshore fish populations in the Hawaiian Islands.

Marine reserve networks have the greatest chance of
including all species, life stages, and ecological linkages
if they encompass representative portions of all ecolog-
ically relevant habitat types (Ballantine 1997; Fried-
lander and Parrish 1998a; Murray et al. 1999). Wave
exposure, live coral cover, and habitat complexity were
all found to be ecologically important environmental
parameters for fish assemblages in Hawaii and these
parameters should be considered in future marine
reserve design. We found several ecologically critical
habitat types that it would be beneficial to represent
more substantially in a marine reserve network in
Hawaii. Locations sheltered from direct wave action and
areas of high habitat complexity had higher values for
most fish assemblage characteristics and therefore are
worthy of greater protection. Areas with high percent-
ages of branching coral provided small-scale structural
relief and harbored large numbers of juvenile fishes.
These areas may be important nursery habitats and their
inclusion in reserve design should provide greater
connectivity with adult habitats.

Habitat plays an important role in structuring fish
assemblages, yet most studies of marine reserves fail to
measure habitat quality (Cote et al. 2001). The high
variance in fish assemblage characteristics among
different habitat types and the unique fish assemblages
associated with these different habitats means that
sampling and statistical comparisons need to be strati-
fied by habitat type for more robust statistical compar-
isons. Assessments of fished vs. protected areas must
consider habitat and environmental variables when
designing assessment programs in order to properly
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examine MPA success. Once reserves are established,
long-term monitoring programs can be implemented to
help determine the effectiveness of the zoning plan and
to guide future modifications to either the fishing
regulations or the reserve boundaries.

Typically, ecological processes operate on geographic
scales much larger than the majority of protected areas.
The spatial scale of this study is beyond that of most
other marine reserve studies yet it is the scale at which
management decisions typically are made. Assessments
of MPAs in other areas should try to examine multiple
reserves and fished areas over a broad range of habitat
types. A well-designed MPA assessment should first map
the distribution and characteristics of benthic habitats
within and outside the MPAs, followed by an inventory
and assessment of the species of interest. Recent
advances in analytical techniques and GIS tools to
quantitatively define species habitat utilization patterns
within and outside MPAs make a large-scale stratified
random sampling design more attainable. Current
studies on fish habitat utilization patterns using geore-
ferenced benthic habitat maps have proven to be valu-
able in illuminating patterns of differential habitat
utilization across the seascape, as well as identifying
ontogenetic shifts in habitat selection within species
(Christensen et al. 2003).

Marine reserve design must consider the habitat
requirements and life histories of the species of interest
as well as the extent of fishing pressure in the area and
the degree of enforcement. If protective areas are to be
effective, they must include the diversity of habitats
necessary to accommodate the wide range of fish species.
The kind of approach taken in this study, which
attempts to make a functional match between habitats
and fishes to be preserved, seems appropriate for
selection, evaluation, and management of reserves. The
results provide managers with a much better idea of
how to select and manage reef habitat for maximum
benefit to fish populations, with the attendant social
benefits of improved fishery yield and/or improved
results in preservation of fish populations and ecosys-
tems quality.
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